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ABSTRACT
We present a new set of zero metallicity models in the range 13-80 M⊙ together
to the associated explosive nucleosynthesis. These models are fully homogeneous
with the solar metallicity set we published in Limongi & Chieffi (2006) and will be
freely available at the web site http://www.iasf-roma.inaf.it./orfeo/public html.
A comparison between these yields and an average star that represents the aver-
age behavior of most of the very metal poor stars in the range −5.0 < [Fe/H] <
−2.5 confirms previous findings that only a fraction of the elemental [X/Fe] may
be fitted by the ejecta of standard core collapse supernovae.
Subject headings: early universe — Galaxy: abundances — nuclear reactions,
nucleosynthesis, abundances — stars: abundances — stars: evolution — supernovae:
general
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1. Introduction
The current wisdom that the iron content in stars increases with the cosmic age places
the birth of the extremely iron poor stars at the very early epochs of the evolution of the
Universe, at redshifts larger than 5 (Clarke & Bromm 2003). The most iron poor stars
likely formed from gas clouds enriched by very few stellar generations or even from just the
first generation of stars (Salvadori, Schneider & Ferrara 2007). Then, a detailed analysis of
the surface chemical composition of these objects, which should reflect the composition of
the gas out of which these stars formed, represents a powerful tool to investigate the nature
of the first stellar generation(s).
Detailed chemical abundance measurements, obtained over the years by several groups
(HK survey, Beers, Preston & Shectman 1992; Hamburg-ESO (HES) survey, Christlieb
2003, Christlieb et al. 2008; Sloan Extension for Galactic Understanding and Exploration
(SEGUE), Yanny et al. 2009) led to the following main results. (1) The metallicity
distribution function (MDF) is characterized by a rapid decrease of the number of stars
with decreasing metallicity, by a sharp cut off at [Fe/H] ≃ −4 (we adopt the standard
notation [Fe/H] = log10(Fe/H)− log10(Fe/H)⊙), and by the presence of only two objects at
[Fe/H] ∼ −5.3, i.e. about a factor of 30 below the sharp cut off at [Fe/H] ≃ −4. These
results led to some speculations about a possible metallicity ”gap” between [Fe/H] ≃ −4
and [Fe/H] ≃ −5.3, ”gap” which could have profound implications on both the nature of
the first stars and the mechanism of enrichment of the pristine material. (2) The existence
of a well defined abundance pattern shared by the majority of the stars in the metallicity
range −4.0 < [Fe/H] < −3.0 (Cayrel et al. 2004). (3) The existence of a fraction of stars
showing extremely high overabundances of C relative to Fe (in most cases associated to large
overabundances of N and O) that increases as the metallicity decreases (Beers & Christlieb
2005). This tendency, coupled to the fact that the two most metal poor stars known to
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date have a [Fe/H] ∼ −5.3 (HE0107-5240 Chriestlib et al. 2002, Christlieb et al. 2004;
HE1327-2326: Frebel et al. 2005, Aoki et al. 2006) and show an enormous overabundance
of C, N and O relative to Fe, suggesting that this feature could be ubiquitous at these low
metallicities. (4) The existence of a number of subclasses among the ”normal” and the
C-rich stars on the basis of the enhancement of r-process and/or s-process elements (see
Beers & Christlieb 2005).
The quite recent discovery of HE0557-4840 (Norris et al. 2007), a C-rich star with
[Fe/H]=-4.75, questioned the existence of the metallicity gap between [Fe/H]=-4 and
[Fe/H]=-5.3 but reinforced the idea that, below a given metallicity, all stars are strongly
enriched in C relative to Fe.
Very recently Caffau et al. (2011) discovered the star SDSS J1029151+172927
([Fe/H]=-4.99). This star shows a normal abundance pattern, i.e., similar to that shared by
the majority of the stars in the metallicity range −4.0 < [Fe/H] < −3.0, and a normal [C/Fe]
ratio (Figure 1). This discovery calls into serious doubts that the strong overabundance
of C with respect to Fe is ubiquitous at extremely low metallicities and reinforces the idea
that the common pattern shared by the majority of stars with [Fe/H] ≥ −4 may extend to
much lower metallicities.
From the theoretical point of view, there have been many attempts in the last 10 years
to interpret the observed abundance pattern in the most iron poor stars in terms of one or
more zero metallicity core collapse supernovae (Limongi & Chieffi 2002; Chieffi & Limongi
2002; Limongi et al. 2003; Umeda & Nomoto 2002, 2003, 2005). However, the discovery
of many C-rich stars in the population of the extremely Fe poor stars led many authors
to consider the extremely metal poor asymptotic giant branch stars (AGB) and/or binary
mass transfer (Suda et al. 2011, and references therein) as a possible cause of the large
overabundances of C and N in these objects.
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In the framework of the pure massive star scenario, despite the great efforts in modelling
the presupernova evolution as well as the explosive nucleosynthesis, at present no classical
model is able to reproduce the overall observed abundance pattern of both the normal and
the C-rich stars. In particular, although a single or a generation of zero metallicity massive
stars may provide a good fit to several elemental abundance ratios of the ”average” star,
i.e. of a representative star having an abundance pattern common to the majority of the
stars with [Fe/H] < −3.0, there are [X/Fe] log ratios for which the fit can be obtained only
by means of specific ”ad-hoc” assumptions. For example, the large observed [Zn/Fe] ratio
can be reproduced by energetic explosions, with final kinetic energies up to ten times the
typical ones (1051 erg) (Umeda & Nomoto 2002); the very low [Co/Fe] ratio obtained in the
classical models can be significantly increased and reconciled with the observations by using
energetic explosions and an electron mole number in the complete explosive Si burning
region artificially increased up to values larger than ≃ 0.5 (Umeda & Nomoto 2002). By
the way the [Co/Fe] ratio may be raised also by increasing the 12C mass fraction at core
He depletion by varying the mixing efficiency during central He burning and/or the rate
of the 12C(α, γ)16O cross section within the range of the currently accepted uncertainties
(Chieffi & Limongi 2002). The underabundances of Sc and Ti relative to Fe may be
significantly enhanced by artificially reducing the density during the explosive burning,
i.e. enhancing the α-rich freeze out (Umeda & Nomoto 2005). Maeda & Nomoto (2003)
showed that an aspherical explosion can lead to a profound reduction of the density in
the deep interior of the star but such a possibility must be investigated further. A similar
situation is found when attempting to fit the observed abundance pattern of the C-rich most
metal poor stars. The extremely high overabundance of the light elements relative to the
iron peak ones could be explained in the framework of the explosion of a single supernova
by assuming different combinations of explosion energy and efficiency of mixing and fallback
(Umeda & Nomoto 2002) or in terms of an almost failed supernova, .i.e. a supernova
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experiencing a large fallback, exploding within an environment enriched by a generation of
zero metallicity supernovae (Limongi et al. 2003). Very recently, also Heger & Woosley
(2010) found that individual ultra metal poor stars could be fitted by a proper combination
of explosion energy, mixing efficiency and IMF. Although there could be strong arguments
in favour of one or another of these explanations, the need of different specific fine tunings
of the various parameters to fit the abundance pattern of any single star may simply reflect
the lack of fundamental physical processes in the presently available calculations or more
simply that the basic assumption that the chemical composition observed on the surface of
these stars comes just from one or more massive zero metallicity stars is wrong.
In this paper we present our latest zero metallicity massive star models in the range
13-80 M⊙ and their related explosive nucleosynthesis. These models differ from our previous
set of zero metallicity stars published in Chieffi & Limongi (2004) because of a number
of changes in both the stellar evolutionary code (numerical scheme, input physics, nuclear
cross sections, nuclear network) and the explosive nucleosynthesis (see next section). These
new versions of the hydrostatic code and of the hydrodynamical one have already been used
to produce a new set of solar metallicity stellar models (Limongi & Chieffi 2006) and hence
the present models are the natural complement of those ones. We take advantage of these
new models to compare our theoretical predictions with the latest observed abundances
in the extremely metal poor stars to check whether the discrepancies between theory and
observations, described above, still remain.
2. Stellar evolution and explosive nucleosynthesis calculations
This set of zero metallicity models extends in mass between 13 and 80 M⊙ and all
models are assumed to have a pristine Big Bang nucleosynthesis composition. Their
evolution has been followed from the pre-main sequence phase up to the onset of the iron
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core collapse by means of the latest, stable, version of the FRANEC stellar evolutionary
code, which is described in detail in Limongi & Chieffi (2006). The main improvements
of this version with respect to the previous one, described in Limongi & Chieffi (2003)
and adopted to compute our previous set of zero metallicity massive star models, are the
following. First of all, the convective mixing and the nuclear burning are coupled together
and solved simultaneously. The mixing is described by a diffusion equation where the
diffusion coefficient D is given by D = 1/3vcl, the convective velocity vc being computed in
the framework of the mixing length theory. The nuclear cross sections have been updated
with respect to those adopted in Limongi & Chieffi (2003) whenever possible. Table 1 of
Limongi & Chieffi (2006) shows the full reference matrix of all the processes taken into
account in the network, together to its proper legend. The nuclear networks for the He
and the advanced burning phases have been extended to 153 and 282 elements (from H to
98Mo) respectively. In total 297 isotopes and about 3000 processes were explicitly included
in the various nuclear burning stages. In the present calculations we have assumed 0.2 Hp
of overshooting at the top of the convective core during core H burning and the mass loss
is switched off during all the evolutionary stages. Thus, these models and chemical yields
are perfectly homogenous to the set of solar metallicity massive star models presented in
Limongi & Chieffi (2006).
The hydro code adopted in this paper to compute the explosion of the mantle of the
star and the associated explosive nucleosynthesis has been significantly improved with
respect to that adopted in Limongi & Chieffi (2003). More specifically, the explosion
of the mantle of the star (i.e., all the zones above the iron core) is started by imparting
instantaneously an initial velocity v0 to a mass coordinate of ∼ 1 M⊙ of the presupernova
model, i.e., well within the iron core. The propagation of the shock wave that forms
consequently is followed by means of an hydro code, fully developed by us, that solves
the fully compressible reactive hydrodynamic equations using the piecewise parabolic
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method (PPM) of Colella & Woodward (1984) in the Lagrangean form. On the contrary,
in Limongi & Chieffi (2003) we adopted a simpler forward time centered space scheme as
described by Richtmeyer & Morton (1967) and Mezzacappa & Bruenn (1993). The initial
velocity v0 is properly tuned in order to obtain either a given final kinetic energy of the
ejecta, typically of the order of 1051 erg, or a specific mass cut or eject a given amount
of 56Ni. The chemical evolution of the matter is computed by coupling the same nuclear
network adopted in the hydrostatic calculations to the system of hydrodynamic equations.
The nuclear energy generation is neglected since we assume that it is always negligible
compared to both the kinetic and the internal energies.
3. Presupernova evolution
The distinctive feature of the evolution of a massive zero metal star is the lack of
CNO nuclei. This occurrence implies that the energy required to preserve the hydrostatic
equilibrium cannot be provided by the CNO cycle. Since the PP chain cannot supply this
energy at temperatures lower than ∼ 108 K or so, threshold temperature for the onset of
the He burning (Limongi et al. 1998), the star is forced to reach such high temperature
where a little bit of C is produced by a partial activation of the 3 α nuclear process. The C
produced by the 3 α triggers the CNO cycle that can now provide enough energy to sustain
the star. The net result is that the H burning partially overlaps, in temperature, to the
He burning. While such an occurrence does not imply substantial differences in the main
evolutionary properties of the star in core H burning (Limongi et al. 1998), it may largely
affect the behavior of both the He and the H burning shells. More specifically, since the
He and the H burning shells operate at almost the same temperature, the entropy barrier
that develops at the He-H interface lowers considerably. As a consequence, a partial mixing
between the He convective shell and the H rich envelope is not inhibited any more and it
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actually occurs not unfrequently. The protons ingested by the He convective shell give rise
to a burst of nuclear energy, which in turn induces a rapid increase of the convective shell,
and activate a sequence of reactions that lead to a primary production of N, Na and Mg
(Limongi et al. 2003). Though the ingestion of protons in the active He burning region in
these zero metallicity stars has been already widely found and discussed in the literature
(Woosley & Weaver 1982; Chieffi et al. 2001; Fujimoto et al. 1990; Heger & Woosley
2010), different results have been found by different authors mainly because of the complex
interplay between the convective mixing and the nuclear burning (still very difficult to
model properly).
Figures 2, 3, 4 and 5 show the presupernova chemical and convective histories of 4
representative cases (20 M⊙, 25 M⊙, 35 M⊙ and 50 M⊙) selected among the full set of
models. These figures clearly show that a very extended He convective shell develops in
the mass range 25 − 35 M⊙. Such an extended convective shell is triggered by the proton
ingestion described above and contains a substantial amount of primary N due to the C-rich
environment in which the protons are ingested. The complex interplay, timing and overlap
of the various convective zones and burning shells shapes the final presupernova structure
given in Figure 6 for the 4 previously selected models. Note the very extended He convective
shell present in the models with mass 25 M⊙ and 35 M⊙ where both the H, ingested from
the overlying zones, and the 14N, locally produced by the CNO cycle, are quite abundant.
It is worth noting the reduction of the He core due to the proton ingestion which occurs
during core C burning for the 25 M⊙ and the 30 M⊙ models. In these models the protons
are mixed down to the base of the He convective shell hence the He core almost coincides
with the CO core. In the 35 M⊙ model, the proton ingestion occurs during core Ne burning
and in this case the He core remains well detached from the CO core. It is worth noting
that these results are consistent with those found in Chieffi & Limongi (2004), although in
this case the primary 14N production is increased by a factor of ∼ 2 on average. The origin
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of this increased production is probably due to the coupling between nuclear burning and
convective mixing performed in these new calculations.
The basic evolutionary properties of all the stellar models during the presupernova
evolution are reported in Table 1. More specifically, for each model, the following quantities
are reported for each nuclear burning stage (column 1): the nuclear burning lifetime in year
(column 2); the average (photon) luminosity in erg s−1 (column 3); the average central
temperature in Kelvin degrees (column 4); the average central density in g cm−3 (column
5); the maximum mass of the convective core in M⊙ (column 6); the final He core mass
in M⊙ (column 7); the final CO core mass in M⊙ (column 8); the logarithm of the final
effective temperature in Kelvin degrees (column 9); the logarithm of the final luminosity in
L⊙ (column 10).
4. Explosive nucleosynthesis and calibration of the mass cut
As in our previous computation of the explosion of a massive star, we induce the
formation of a shock wave by imparting a velocity v0 to a mass shell located at roughly
1 M⊙ from the center. As the shock propagates outward in mass it increases locally both
the temperature and the density, triggering the explosive nucleosynthesis, but it also
accelerates outward the shocked matter. However, not all layers will necessarily receive a
kinetic energy large enough to overcome their binding energy. The more internal layers, in
particular, being those with the largest binding energy, will be the first to fall back onto the
remnant if the initial velocity is not high enough to allow the ejection of the whole mantle.
Hence, for each given initial velocity v0, a natural separation will occur between the part
of the mantle that will fall back onto the remnant and the fraction really ejected in the
interstellar medium. The mass cut (Mcut) is defined as the mass coordinate which separates
the final remnant from the ejected material. Once the shock wave reaches the surface of
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the exploding star, the further evolution of the mantle is characterized by a homologous
expansion with a given total kinetic energy (Ekin) which depends on the initial velocity v0.
Thus, in this framework, Ekin and Mcut are not independent quantities, but, on the contrary,
the Mcut depends on the initial velocity v0 and hence on the final Ekin.
The lack of information about the initial properties of the shock wave (which should
come from a self consistent core collapse explosion simulation) as well as the very simple
approximations (among which the spherical symmetry), make the Ekin-Mcut relation
very uncertain. Indeed, it may change, even significantly, depending on the various
numerical/physical assumptions. For example, the adoption of a thermal bomb or a piston
to start the explosion may lead to different masses of the remnant for the same final
kinetic energy of the ejecta. A proper computation of the Mcut would require a much more
sophisticated multidimensional hydrodynamical simulation of the core collapse explosion
extending at late times that, at present, is not available.
Unfortunately, the yields of the nuclear species synthesized in the deepest part of
the mantle depend dramatically on the mass cut for obvious reasons. In our previous
papers we made the choice to either fix the Mcut in order to eject a given amount of
56Ni (Chieffi & Limongi 2002) or we provided tables of yields for different final kinetic
energies of the ejecta and hence different values of the mass cut (Limongi & Chieffi 2003;
Chieffi & Limongi 2004). In this paper, on the contrary, we adopt a different strategy
taking advantage of the choice we made to fit the average star with the ejecta of a single
supernova. In particular, since for each single supernova there is a one to one relation
between the mass cut (or equivalently the final kinetic energy) and the predicted [X/Fe]model,
we chose the mass cut so as to minimize the differences between [X/Fe]model and [X/Fe]avg.
We define the best fit to the observations in this way.
Figure 7 shows the best fit to the observed abundance pattern of the average star
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(Cayrel et al. 2004; Spite et al. 2005) obtained with the present set of models following
the above mentioned procedure.
We report in table 2, for each exploded model, the iron core mass at the presupernova
stage in solar masses (MFe), the explosion energy (in foe, 1 foe=10
51 erg), the related
mass cut in solar masses (Mcut) derived from the best fit procedure and the ejected
masses of each isotope in solar masses. Let us remind that the evolution of the chemical
composition during the explosion is followed up to a time of t = 2.5 · 104 s. Hence
only the unstable isotopes with a very short half-life have time to decay in this time
interval. Let us eventually mention that, although the yields provided in Table 2 have been
obtained for a specific choice of the mass cut, the full set of cumulative isotopic yields as
a function of the mass cut down to the Fe core mass are freely available at the web site
http://www.iasf-roma.inaf.it./orfeo/public html.
Our yields are certainly not the only ones on the ”market” and hence it would be of
extreme interest to try to understand where the differences among different sets of models
come from. In the past we systematically compared our results with those obtained by
other groups (Chieffi et al. 1998; Limongi et al. 1999). Unfortunately such an exercise
did not allow us to understand the source of the differences. The reason is that there are
so many differences in both the physical assumptions and the numerical techniques that a
meaningful comparison would require a huge amount of work. Nonetheless, just to give a
”flavour” of the differences that may be met by adopting one author or another, we show
a comparison between the yields produced by a metal free 20 M⊙ and an analogous model
presented by Heger & Woosley (2010) (hereinafter HW10). The dynamics of the explosion
in our model was tuned so as to eject the same amount of 56Ni ejected by the HW10 model.
Figure 8 shows such a comparison: panel a) gives a global picture of the differences while
panel b) focuses on a more expanded scale. It is evident that the HW10 model produces
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a larger amount of s-weak nuclei up to Kr while our model overproduces (with respect to
HW10) nuclei between Kr and Mo. Also O, N and F appear overproduced (with respect
to us) by HW10 while we produce more C. The block of elements between P and Fe are
produced (on the average) in larger amount by the HW10 model. Without wanting to have
the presumption to have identified the reason for the differences, let us simply suggest that
a lower C abundance at the end of the central He burning phase in the HW10 model could
explain at least part of the differences. It goes without saying that such an occurrence
would directly lower the C yield and raise the O one. A lower C abundance in the CO core
implies a faster advancing of the C shell and, in turn, a more robust contraction of the CO
core itself (Limongi & Chieffi 2006). Since the He convective shell lies just above the CO
core, a stronger contraction of the core itself triggers a stronger efficiency of the convective
shell and hence a more generous penetration in the H rich mantle. Presumably also the
timescale over which such an ingestion occurs shortens. The larger amount of protons
ingested in the convective shell naturally leads to a larger production of N and F and to a
stronger neutron flux. The consequence of such a strong n-flux, on a shorter timescale, is
the preferential synthesis of the lighter s-weak component (up to Kr) with respect to the
more massive one (i.e. up to the N=50 neutron shell closure).
5. Discussion and summary
In this section we want to discuss in some detail the comparison between the theoretical
yields and the observed abundance pattern of the average star shown in Figure 7.
First of all, let us discuss separately the element from C to Ca and from Sc to Zn. The
relative abundances of C, Mg, Si and Ca are very well reproduced by all the models. Since
these elements are made by nuclear burning occurring either in the hydrostatic (C, Mg) and
in the explosive conditions (Si, Ca), this result is a good check of both the presupernova
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evolution as well as of the explosive nucleosynthesis. The relative abundances of Mg, Al and
Si is in general well reproduced by the lower mass models (M < 30 M⊙); the higher mass
ones show a more pronounced odd-even effect and hence they tend to underestimate the
[Al/Fe] ratio compared to the observations. The [Na/Fe] is in general well reproduced with
the exception of the models which undergo an efficient proton ingestion in the He convective
shell (20 − 25 M⊙) because they produce a substantial amount of primary Na and hence
tend to overestimate the observed [Na/Fe]. The best fit of the relative abundances of C, Na,
Mg, Al and Ca is obtained for the 13 M⊙. The origin of the high odd-even effect, which is
the cause of the very low Al abundance compared to Mg and Si in the more massive models,
is not clear at the moment. The [N/Fe] is severely underestimated by all the models except
those in which the primary nitrogen production is activated by the ingestion of protons in
the He convective shell. The best fit to the observed [N/Fe] is obtained for models in the
mass range 20 − 25 M⊙. The [O/Fe] ratio increases with increasing the mass since it is
mainly produced by the core He burning and hence it scales with the size of the He core
mass. The large observed value of [O/Fe] is reproduced only by the more massive model,
i.e., the 80 M⊙. [K/Fe] is always severely underproduced by all the models.
Overall, the observed element abundance ratios of [C,Mg,Si,Ca/Fe] is very well
reproduced by all the models; the almost solar abundance of [Al/Fe] points toward a
low mass progenitors while the large [O/Fe] ratio is compatible with high mass models.
The large observed [N/Fe], which is probably of primary origin, is obtained only for
intermediate mass models which, however, overestimate substantially the observed [Na/Fe].
Therefore, there is no single model, nor a generation of massive stars, that can reproduce
simultaneously ALL the C to Ca abundance pattern observed in the average star.
The comparison between the observed and the predicted abundances of the elements
from Sc to Zn (Sc, Ti, Cr, Mn, Co, Ni and Zn) confirms some well known problems
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(Chieffi & Limongi 2002; Limongi & Chieffi 2002; Umeda & Nomoto 2002, 2003, 2005):
the abundances of Sc, Ti, Co, Ni and Zn relative to Fe are significantly underestimated
while [Cr/Fe] is overproduced compared to the observations. In this set of models the
[Mn/Fe] ratio is always very well reproduced. Since Mn and Cr are produced in the same
zone by the incomplete explosive Si burning, the fact that only one of the two elements can
be well reproduced by the models constitute an additional problem. As already mentioned
above, only non standard models, in which parametrized mixing and fall back mechanism,
very energetic and/or aspherical explosions are assumed, can reproduce better the heavy
elements abundance pattern.
In summary, we computed a set of zero metallicity massive star models and their
related explosive nucleosynthesis in the framework of the induced explosion, with typical
energies of the order of 1051 erg and without adopting any artificial mixing and fallback
during the explosion. We calibrate the kinetic energy (and consequently the mass cut) of
each model in order to minimize the differences between the predicted and the observed
abundances in extremely metal poor stars. We confirm the well known result that there
is no single model, nor a generation of zero metallicity massive stars, that can reproduce
simultaneously ALL the element abundance pattern observed in the average star. The
only way in which at present it is possible to improve the fit to the observed [X/Fe] in
the average star is to assume properly tuned unconventional explosions (large energies,
mixing and fallback, aspherical explosions, Ye > 0.5, etc.) (see, e.g. Umeda & Nomoto
2005; Tominaga, Umeda & Nomoto 2007) and properly tuned IMFs (Heger & Woosley
2010). Also in this case, however, a fully satisfactory match to the observational data is not
completely achieved. The role of rotation could certainly play an important role, especially
in the primary production of N, but a comprehensive study involving rotating models in
which the abundance pattern of ALL the observed elements are considered is not available
yet (Meynet et al. 2010). We plan to address such a problem filling this gap, quite shortly.
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Fig. 1.— Comparison between the abundance patterns of the average star (Cayrel et al.
2004; Spite et al. 2005) and of the SDSS J1029151+172927 star (Caffau et al. 2011)
.
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Fig. 2.— Presupernova chemical and convective history of a 20M⊙. The shaded regions
correspond to the convective zones. The color gradient refers to the chemical composition
as reported in the colorbar
.
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Fig. 3.— Presupernova chemical and convective history of a 25M⊙. The shaded regions
correspond to the convective zones. The color gradient refers to the chemical composition
as reported in the colorbar
.
– 22 –
Fig. 4.— Presupernova chemical and convective history of a 35M⊙. The shaded regions
correspond to the convective zones. The color gradient refers to the chemical composition
as reported in the colorbar
.
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Fig. 5.— Presupernova chemical and convective history of a 50M⊙. The shaded regions
correspond to the convective zones. The color gradient refers to the chemical composition
as reported in the colorbar
.
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Fig. 6.— Presupernova chemical structure of the 4 selected models presented in Figures 2,
3, 4 and 5
.
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Fig. 7.— Best fit to the observed abundances of the average star (Cayrel et al. 2004)
obtained with the present set of models following the procedure described in the text
.
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Fig. 8.— Comparison between the yields produced by our 20 M⊙ and the analogous one
provided by Heger & Woosley (2010)
.
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Table 1. Key evolutionary properties.
Phase time < Lγ > < Tc > < ρc > Mcc MHe MCO Teff Log L/L⊙
13 M⊙
H 1.34 · 107 7.98 · 1037 9.78 · 107 1.79 · 102 3.26 2.06 0.00 4.65 4.49
He 1.08 · 106 1.34 · 1038 1.87 · 108 1.48 · 103 1.53 2.86 1.52 4.62 4.56
C 2.48 · 104 1.32 · 1038 6.10 · 108 5.26 · 105 0.65 3.02 1.77 4.32 4.52
Ne 2.56 · 101 1.26 · 1038 1.04 · 109 1.75 · 107 0.29 3.02 1.80 4.32 4.52
O 1.03 · 101 1.26 · 1038 1.72 · 109 1.50 · 107 0.88 3.02 1.79 4.32 4.52
Si 6.88 · 10−1 1.26 · 1038 2.02 · 109 9.57 · 107 0.00 3.02 1.79 4.32 4.52
PSN 7.25 · 10−2 1.26 · 1038 3.18 · 109 1.38 · 108 · · · 3.02 1.75 4.32 4.52
15 M⊙
H 1.12 · 107 1.16 · 1038 1.00 · 108 1.57 · 102 4.54 2.57 0.00 4.67 4.66
He 8.80 · 105 1.93 · 1038 1.93 · 108 1.27 · 103 1.99 3.46 1.98 4.62 4.72
C 1.57 · 104 1.93 · 1038 6.26 · 108 3.19 · 105 0.64 3.51 2.26 4.42 4.69
Ne 7.38 · 101 1.88 · 1038 9.70 · 108 5.56 · 106 0.81 3.51 2.23 4.42 4.69
O 6.62 · 100 1.89 · 1038 1.70 · 109 1.27 · 107 0.94 3.51 2.22 4.42 4.69
Si 2.78 · 10−1 1.89 · 1038 2.21 · 109 7.17 · 107 1.11 3.46 2.12 4.42 4.69
PSN 1.52 · 10−3 1.89 · 1038 3.94 · 109 2.45 · 108 · · · 3.46 2.12 4.42 4.69
20 M⊙
H 8.54 · 106 2.43 · 1038 1.05 · 108 1.18 · 102 7.72 4.06 0.00 4.70 4.98
He 6.15 · 105 4.02 · 1038 2.04 · 108 9.49 · 102 3.32 5.19 3.31 4.65 5.04
C 1.18 · 104 4.12 · 1038 5.81 · 108 8.93 · 104 0.53 5.26 3.53 4.51 5.03
Ne 1.82 · 101 4.06 · 1038 1.06 · 109 2.99 · 106 0.72 5.26 3.52 4.51 5.03
O 1.28 · 100 4.07 · 1038 1.87 · 109 7.64 · 106 0.96 5.26 3.50 4.51 5.03
Si 1.33 · 10−1 4.07 · 1038 2.36 · 109 5.51 · 107 1.16 5.26 3.50 4.51 5.03
PSN 1.13 · 10−3 4.07 · 1038 4.10 · 109 2.47 · 108 · · · 5.26 3.50 4.51 5.03
25 M⊙
– 28 –
Table 1—Continued
Phase time < Lγ > < Tc > < ρc > Mcc MHe MCO Teff Log L/L⊙
H 6.98 · 106 4.14 · 1038 1.08 · 108 9.82 · 101 11.5 5.71 0.00 4.72 5.20
He 4.99 · 105 6.67 · 1038 2.11 · 108 7.89 · 102 4.86 7.08 4.84 4.65 5.26
C 6.16 · 103 6.92 · 1038 6.12 · 108 5.96 · 104 0.35 5.37 5.37 4.37 4.98
Ne 6.06 · 100 3.63 · 1038 1.23 · 109 2.90 · 106 0.57 5.37 5.37 4.36 4.97
O 2.53 · 100 3.58 · 1038 1.77 · 109 8.29 · 106 1.00 5.37 5.37 4.36 4.97
Si 1.08 · 10−1 3.57 · 1038 2.30 · 109 4.56 · 107 1.05 5.37 5.37 4.36 4.97
PSN 1.46 · 10−3 3.57 · 1038 4.09 · 109 2.87 · 108 · · · 5.37 5.37 4.36 4.97
30 M⊙
H 6.04 · 106 6.27 · 1038 1.10 · 108 8.49 · 101 14.8 7.59 0.00 4.73 5.37
He 4.33 · 105 9.87 · 1038 2.17 · 108 6.84 · 102 6.58 9.09 6.56 4.65 5.43
C 4.89 · 103 1.03 · 1039 6.13 · 108 3.88 · 104 0.00 7.22 7.22 4.39 5.20
Ne 4.85 · 100 6.06 · 1038 1.19 · 109 1.90 · 106 0.56 7.22 7.22 4.38 5.20
O 3.17 · 10−1 6.03 · 1038 1.96 · 109 4.77 · 106 1.21 7.22 6.76 4.38 5.20
Si 2.10 · 10−2 6.03 · 1038 2.64 · 109 2.86 · 107 1.02 7.22 6.76 4.38 5.20
PSN 6.11 · 10−4 6.03 · 1038 4.42 · 109 1.68 · 108 · · · 7.22 6.04 4.38 5.20
35 M⊙
H 5.41 · 106 8.74 · 1038 1.11 · 108 7.38 · 101 18.8 9.55 0.00 4.74 5.51
He 3.92 · 105 1.35 · 1039 2.21 · 108 6.09 · 102 8.43 11.1 8.40 4.66 5.57
C 4.04 · 103 1.40 · 1039 6.18 · 108 2.94 · 104 0.00 11.4 8.56 4.55 5.57
Ne 1.83 · 100 1.40 · 1039 1.24 · 109 1.38 · 106 0.39 11.1 8.56 4.51 5.52
O 5.42 · 10−1 1.25 · 1039 1.91 · 109 5.22 · 106 1.08 11.1 8.56 4.50 5.51
Si 5.92 · 10−2 1.24 · 1039 2.40 · 109 3.49 · 107 1.06 11.1 8.56 4.50 5.51
PSN 6.64 · 10−4 1.24 · 1039 4.37 · 109 2.19 · 108 · · · 11.1 8.56 4.50 5.51
50 M⊙
H 4.34 · 106 1.78 · 1039 1.15 · 108 5.66 · 101 30.4 15.8 0.00 4.77 5.80
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Table 1—Continued
Phase time < Lγ > < Tc > < ρc > Mcc MHe MCO Teff Log L/L⊙
He 3.26 · 105 2.61 · 1039 2.30 · 108 4.84 · 102 14.2 17.7 14.2 4.65 5.85
C 3.86 · 103 2.71 · 1039 6.08 · 108 1.57 · 104 0.00 18.2 14.4 4.54 5.85
Ne 7.25 · 10−1 2.72 · 1039 1.29 · 109 9.30 · 105 0.43 18.2 14.4 4.54 5.85
O 9.54 · 10−2 2.73 · 1039 2.07 · 109 3.01 · 106 1.57 18.2 14.3 4.54 5.85
Si 8.27 · 10−3 2.73 · 1039 2.98 · 109 2.16 · 107 1.15 18.2 14.3 4.54 5.85
PSN 4.62 · 10−4 2.73 · 1039 4.48 · 109 1.20 · 108 · · · 18.2 14.3 4.54 5.85
80 M⊙
H 3.40 · 106 4.05 · 1039 1.19 · 108 4.21 · 101 53.3 28.9 0.00 4.79 6.13
He 2.76 · 105 5.49 · 1039 2.39 · 108 3.73 · 102 26.4 31.2 26.4 4.63 6.17
C 2.14 · 103 5.67 · 1039 6.36 · 108 1.14 · 104 0.00 32.3 26.5 4.51 6.17
Ne 3.61 · 10−1 5.70 · 1039 1.34 · 109 6.52 · 105 0.00 32.3 26.5 4.52 6.17
O 5.45 · 10−2 5.71 · 1039 2.00 · 109 2.31 · 106 1.68 32.3 26.4 4.52 6.17
Si 4.07 · 10−3 5.72 · 1039 3.07 · 109 1.25 · 107 1.22 32.3 26.4 4.52 6.17
PSN 2.99 · 10−4 5.72 · 1039 4.59 · 109 7.87 · 107 · · · 32.2 26.4 4.52 6.17
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Table 2. Explosion properties and ejected masses (in M⊙ and 2.5 · 10
4 s after the
explosion) for all the computed models
13 15 20 25 30 35 50 80
MFe 1.34 1.40 1.40 1.36 1.46 1.50 1.56 2.08
Ekin 0.50 0.74 0.97 1.10 1.58 1.28 2.59 5.22
Mcut 1.48 1.62 1.72 1.58 1.86 1.70 2.16 2.44
1H 7.05 · 10+00 8.01 · 10+00 1.01 · 10+01 2.74 · 10+00 3.58 · 10+00 1.16 · 10+01 2.00 · 10+01 2.87 · 10+01
2H 9.03 · 10−17 8.29 · 10−17 9.88 · 10−17 1.90 · 10−16 3.19 · 10−16 4.67 · 10−16 1.08 · 10−15 1.47 · 10−14
3H 1.33 · 10−29 6.99 · 10−29 8.66 · 10−28 8.70 · 10−27 2.54 · 10−25 2.50 · 10−25 1.04 · 10−24 6.68 · 10−22
3He 3.12 · 10−05 3.04 · 10−05 2.93 · 10−05 2.81 · 10−05 2.79 · 10−05 2.78 · 10−05 2.81 · 10−05 3.00 · 10−05
4He 4.11 · 10+00 4.71 · 10+00 6.29 · 10+00 7.79 · 10+00 9.31 · 10+00 1.07 · 10+01 1.54 · 10+01 2.43 · 10+01
6Li 1.08 · 10−19 3.04 · 10−19 1.43 · 10−18 5.27 · 10−18 5.07 · 10−17 3.04 · 10−17 8.60 · 10−17 6.32 · 10−16
7Li 8.39 · 10−17 1.62 · 10−16 2.88 · 10−16 3.96 · 10−14 4.20 · 10−14 6.96 · 10−15 7.18 · 10−15 2.85 · 10−14
7Be 4.27 · 10−11 1.33 · 10−10 2.47 · 10−10 2.88 · 10−10 2.87 · 10−10 2.94 · 10−10 3.25 · 10−10 3.72 · 10−10
9Be 2.66 · 10−40 4.65 · 10−39 7.08 · 10−38 4.35 · 10−36 4.69 · 10−33 2.70 · 10−34 1.70 · 10−33 3.25 · 10−31
10Be 1.15 · 10−59 1.34 · 10−59 1.83 · 10−59 2.34 · 10−59 2.81 · 10−59 3.33 · 10−59 4.78 · 10−59 7.76 · 10−59
10B 2.47 · 10−23 1.63 · 10−22 1.12 · 10−21 7.67 · 10−21 1.39 · 10−18 1.21 · 10−19 8.91 · 10−19 3.99 · 10−17
11B 3.93 · 10−16 1.36 · 10−15 7.56 · 10−15 7.30 · 10−14 2.20 · 10−13 1.79 · 10−13 9.02 · 10−13 2.23 · 10−12
12C 7.52 · 10−02 1.56 · 10−01 2.99 · 10−01 4.39 · 10−01 6.99 · 10−01 6.21 · 10−01 1.44 · 10+00 2.43 · 10+00
13C 5.09 · 10−09 1.50 · 10−08 8.77 · 10−10 9.39 · 10−03 2.84 · 10−03 8.57 · 10−04 7.83 · 10−08 4.07 · 10−08
14C 9.23 · 10−12 1.74 · 10−12 3.62 · 10−09 8.29 · 10−04 1.10 · 10−03 8.43 · 10−03 4.29 · 10−06 1.95 · 10−08
13N 1.25 · 10−10 2.52 · 10−10 4.92 · 10−12 1.82 · 10−10 4.63 · 10−10 4.10 · 10−11 1.83 · 10−11 6.05 · 10−10
14N 3.29 · 10−08 4.32 · 10−08 5.95 · 10−08 1.20 · 10−01 1.76 · 10−01 2.77 · 10−02 6.41 · 10−06 6.63 · 10−06
15N 8.60 · 10−10 2.15 · 10−09 6.02 · 10−09 8.23 · 10−06 3.66 · 10−05 5.95 · 10−05 2.49 · 10−07 3.42 · 10−07
16N 3.90 · 10−33 2.20 · 10−34 3.01 · 10−34 3.48 · 10−24 1.29 · 10−28 7.31 · 10−29 1.81 · 10−30 5.52 · 10−32
15O 5.91 · 10−15 9.55 · 10−14 6.31 · 10−14 3.99 · 10−12 1.56 · 10−11 7.58 · 10−14 2.14 · 10−12 1.59 · 10−10
16O 1.38 · 10−01 2.91 · 10−01 9.31 · 10−01 1.97 · 10+00 2.97 · 10+00 4.35 · 10+00 8.60 · 10+00 1.82 · 10+01
17O 3.81 · 10−10 6.66 · 10−10 1.29 · 10−06 2.44 · 10−04 2.85 · 10−04 1.17 · 10−03 3.87 · 10−05 1.67 · 10−07
18O 1.37 · 10−08 1.65 · 10−08 2.78 · 10−08 7.85 · 10−07 6.99 · 10−07 6.23 · 10−04 1.65 · 10−07 7.39 · 10−08
19O 5.55 · 10−24 6.35 · 10−32 2.23 · 10−29 1.92 · 10−19 1.11 · 10−27 3.85 · 10−24 1.53 · 10−25 7.99 · 10−24
17F 3.44 · 10−23 1.68 · 10−21 2.19 · 10−18 1.65 · 10−14 2.05 · 10−14 5.26 · 10−15 6.79 · 10−17 1.70 · 10−15
18F 9.69 · 10−12 1.67 · 10−11 2.98 · 10−11 6.56 · 10−09 3.38 · 10−08 3.14 · 10−08 2.08 · 10−08 2.43 · 10−08
19F 4.19 · 10−11 3.09 · 10−11 3.46 · 10−10 1.36 · 10−07 4.23 · 10−07 7.15 · 10−07 5.23 · 10−08 5.69 · 10−09
20F 6.89 · 10−23 1.42 · 10−30 1.82 · 10−29 2.33 · 10−20 2.40 · 10−26 6.13 · 10−27 6.17 · 10−26 9.16 · 10−25
20Ne 3.17 · 10−02 8.46 · 10−03 3.19 · 10−01 6.20 · 10−01 3.59 · 10−01 1.38 · 10+00 1.22 · 10+00 1.55 · 10+00
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Table 2—Continued
13 15 20 25 30 35 50 80
21Ne 1.20 · 10−06 9.66 · 10−08 1.19 · 10−05 1.64 · 10−04 5.50 · 10−06 4.37 · 10−05 1.74 · 10−05 1.23 · 10−05
22Ne 2.51 · 10−07 1.93 · 10−07 2.20 · 10−06 7.38 · 10−05 1.40 · 10−05 1.05 · 10−04 6.69 · 10−06 5.01 · 10−06
23Ne 7.11 · 10−19 3.53 · 10−23 6.85 · 10−23 4.74 · 10−16 9.89 · 10−22 1.05 · 10−21 4.91 · 10−22 6.93 · 10−19
21Na 3.01 · 10−12 3.95 · 10−12 4.99 · 10−17 1.11 · 10−13 3.15 · 10−12 2.11 · 10−16 6.86 · 10−15 2.95 · 10−13
22Na 7.38 · 10−08 2.25 · 10−08 8.49 · 10−07 1.23 · 10−06 7.52 · 10−06 8.40 · 10−06 2.01 · 10−05 2.05 · 10−05
23Na 1.53 · 10−04 2.34 · 10−05 1.16 · 10−03 4.53 · 10−03 1.30 · 10−03 3.06 · 10−03 2.33 · 10−03 1.80 · 10−03
24Na 4.78 · 10−09 6.86 · 10−11 5.83 · 10−09 1.11 · 10−07 5.26 · 10−09 4.00 · 10−08 3.10 · 10−09 8.89 · 10−10
23Mg 2.23 · 10−15 3.04 · 10−15 1.40 · 10−14 4.09 · 10−14 3.63 · 10−16 8.07 · 10−19 3.51 · 10−19 1.57 · 10−15
24Mg 1.82 · 10−02 3.60 · 10−02 9.89 · 10−02 9.22 · 10−02 1.33 · 10−01 2.13 · 10−01 2.02 · 10−01 3.66 · 10−01
25Mg 4.71 · 10−05 3.32 · 10−05 3.29 · 10−04 5.88 · 10−04 1.01 · 10−04 3.66 · 10−04 7.25 · 10−05 8.89 · 10−05
26Mg 8.20 · 10−05 2.17 · 10−05 6.79 · 10−04 5.75 · 10−04 1.95 · 10−04 1.16 · 10−03 1.57 · 10−04 1.19 · 10−04
27Mg 9.82 · 10−14 3.47 · 10−14 4.12 · 10−13 8.78 · 10−13 5.00 · 10−14 5.07 · 10−12 6.53 · 10−14 5.12 · 10−13
25Al 7.80 · 10−16 5.98 · 10−16 3.03 · 10−20 1.93 · 10−16 1.83 · 10−15 6.42 · 10−19 2.44 · 10−18 2.39 · 10−18
26Al 1.02 · 10−05 1.49 · 10−05 2.87 · 10−05 5.18 · 10−05 1.14 · 10−04 2.06 · 10−05 9.10 · 10−05 7.76 · 10−05
27Al 6.64 · 10−04 1.42 · 10−03 3.11 · 10−03 2.50 · 10−03 2.31 · 10−03 3.49 · 10−03 1.85 · 10−03 3.61 · 10−03
28Al 6.45 · 10−13 5.39 · 10−12 1.07 · 10−11 2.21 · 10−11 1.14 · 10−11 1.76 · 10−12 9.10 · 10−14 3.36 · 10−12
27Si 1.23 · 10−17 8.15 · 10−17 5.58 · 10−15 1.29 · 10−14 8.00 · 10−17 4.22 · 10−24 9.83 · 10−25 1.16 · 10−22
28Si 4.38 · 10−02 8.36 · 10−02 1.11 · 10−01 1.59 · 10−01 3.22 · 10−01 1.71 · 10−01 4.44 · 10−01 8.19 · 10−01
29Si 1.94 · 10−04 4.62 · 10−04 5.21 · 10−04 5.50 · 10−04 9.83 · 10−04 3.86 · 10−04 1.06 · 10−03 1.83 · 10−03
30Si 2.52 · 10−04 8.97 · 10−04 5.55 · 10−04 4.38 · 10−04 7.32 · 10−04 1.92 · 10−04 3.79 · 10−04 7.75 · 10−04
31Si 8.30 · 10−10 2.47 · 10−09 3.55 · 10−09 1.34 · 10−09 8.51 · 10−10 1.22 · 10−09 2.91 · 10−10 5.22 · 10−10
32Si 9.06 · 10−12 4.67 · 10−11 1.69 · 10−11 1.29 · 10−11 3.02 · 10−11 2.36 · 10−12 9.59 · 10−12 1.36 · 10−11
29P 1.38 · 10−20 7.70 · 10−21 9.22 · 10−23 1.74 · 10−18 1.08 · 10−21 1.58 · 10−23 8.54 · 10−24 9.86 · 10−25
30P 7.71 · 10−13 4.51 · 10−12 1.28 · 10−11 3.68 · 10−11 2.95 · 10−11 2.42 · 10−12 1.50 · 10−12 1.66 · 10−10
31P 6.91 · 10−05 2.27 · 10−04 1.68 · 10−04 1.63 · 10−04 2.88 · 10−04 1.05 · 10−04 2.28 · 10−04 4.33 · 10−04
32P 2.11 · 10−08 6.83 · 10−08 4.40 · 10−08 3.45 · 10−08 7.29 · 10−08 1.34 · 10−08 4.43 · 10−08 6.74 · 10−08
33P 1.28 · 10−08 4.10 · 10−08 2.10 · 10−08 2.18 · 10−08 5.20 · 10−08 4.12 · 10−09 3.02 · 10−08 3.18 · 10−08
34P 3.88 · 10−23 2.67 · 10−21 2.55 · 10−20 4.38 · 10−20 2.63 · 10−21 1.10 · 10−28 2.62 · 10−27 9.77 · 10−27
31S 1.32 · 10−22 6.29 · 10−20 5.36 · 10−18 8.84 · 10−18 1.05 · 10−19 2.68 · 10−31 1.84 · 10−32 2.89 · 10−32
32S 1.56 · 10−02 2.82 · 10−02 3.93 · 10−02 5.84 · 10−02 1.34 · 10−01 7.82 · 10−02 2.04 · 10−01 3.91 · 10−01
33S 3.91 · 10−05 6.66 · 10−05 8.23 · 10−05 1.08 · 10−04 2.08 · 10−04 9.71 · 10−05 2.14 · 10−04 3.77 · 10−04
34S 1.24 · 10−04 2.85 · 10−04 1.73 · 10−04 2.60 · 10−04 5.65 · 10−04 2.33 · 10−04 3.96 · 10−04 6.42 · 10−04
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Table 2—Continued
13 15 20 25 30 35 50 80
35S 2.94 · 10−09 1.51 · 10−08 3.74 · 10−09 4.09 · 10−09 6.85 · 10−09 1.28 · 10−09 5.07 · 10−09 6.63 · 10−09
36S 1.75 · 10−09 5.53 · 10−09 1.90 · 10−09 1.73 · 10−09 3.96 · 10−09 6.75 · 10−10 1.52 · 10−09 1.03 · 10−09
37S 7.11 · 10−24 1.61 · 10−23 6.55 · 10−24 9.54 · 10−23 1.10 · 10−23 2.27 · 10−25 8.16 · 10−26 9.83 · 10−26
33Cl 3.93 · 10−27 1.15 · 10−27 8.47 · 10−28 1.23 · 10−24 2.41 · 10−25 1.64 · 10−29 5.31 · 10−31 1.02 · 10−34
34Cl 4.85 · 10−27 2.20 · 10−25 2.64 · 10−23 7.14 · 10−23 2.12 · 10−25 4.29 · 10−30 5.15 · 10−39 1.38 · 10−40
35Cl 9.03 · 10−06 2.77 · 10−05 1.58 · 10−05 2.51 · 10−05 5.60 · 10−05 3.25 · 10−05 4.36 · 10−05 8.96 · 10−05
36Cl 1.90 · 10−08 3.96 · 10−08 2.64 · 10−08 3.14 · 10−08 5.85 · 10−08 2.04 · 10−08 4.34 · 10−08 5.98 · 10−08
37Cl 1.74 · 10−08 3.37 · 10−08 2.53 · 10−08 2.96 · 10−08 5.89 · 10−08 1.35 · 10−08 4.23 · 10−08 4.49 · 10−08
38Cl 1.26 · 10−16 4.25 · 10−16 1.37 · 10−16 2.37 · 10−16 3.97 · 10−16 2.38 · 10−17 5.53 · 10−17 2.51 · 10−17
36Ar 2.88 · 10−03 5.22 · 10−03 7.41 · 10−03 9.93 · 10−03 2.34 · 10−02 1.48 · 10−02 3.84 · 10−02 7.30 · 10−02
37Ar 2.16 · 10−06 4.05 · 10−06 4.71 · 10−06 8.21 · 10−06 2.30 · 10−05 1.50 · 10−05 2.45 · 10−05 5.57 · 10−05
38Ar 4.67 · 10−05 1.06 · 10−04 6.86 · 10−05 1.43 · 10−04 4.76 · 10−04 2.70 · 10−04 2.60 · 10−04 5.47 · 10−04
39Ar 5.96 · 10−11 1.53 · 10−10 6.49 · 10−11 1.03 · 10−10 1.99 · 10−10 1.35 · 10−10 1.78 · 10−10 2.99 · 10−10
40Ar 1.24 · 10−11 2.72 · 10−11 1.19 · 10−11 1.21 · 10−11 2.34 · 10−11 8.40 · 10−12 1.17 · 10−11 1.11 · 10−11
41Ar 5.14 · 10−18 2.21 · 10−17 2.57 · 10−18 2.95 · 10−18 3.24 · 10−18 1.79 · 10−19 7.09 · 10−19 3.91 · 10−19
37K 4.27 · 10−36 3.97 · 10−38 1.70 · 10−36 1.56 · 10−35 5.41 · 10−36 5.26 · 10−41 4.82 · 10−47 7.73 · 10−48
38K 4.36 · 10−14 2.33 · 10−14 7.91 · 10−14 4.58 · 10−13 7.21 · 10−13 3.97 · 10−14 8.18 · 10−14 6.93 · 10−14
39K 6.02 · 10−06 1.25 · 10−05 1.19 · 10−05 2.30 · 10−05 7.16 · 10−05 4.54 · 10−05 5.61 · 10−05 1.27 · 10−04
40K 5.12 · 10−10 1.15 · 10−09 6.99 · 10−10 1.20 · 10−09 3.12 · 10−09 2.41 · 10−09 2.62 · 10−09 5.36 · 10−09
41K 6.44 · 10−11 1.05 · 10−10 8.15 · 10−11 1.18 · 10−10 2.72 · 10−10 2.02 · 10−10 2.48 · 10−10 5.02 · 10−10
42K 9.67 · 10−15 1.96 · 10−14 9.49 · 10−15 1.08 · 10−14 1.99 · 10−14 4.41 · 10−15 1.25 · 10−14 1.28 · 10−14
40Ca 2.45 · 10−03 4.47 · 10−03 6.55 · 10−03 8.08 · 10−03 1.91 · 10−02 1.25 · 10−02 3.35 · 10−02 6.34 · 10−02
41Ca 4.36 · 10−07 8.73 · 10−07 1.03 · 10−06 1.74 · 10−06 5.32 · 10−06 3.97 · 10−06 6.06 · 10−06 1.49 · 10−05
42Ca 1.08 · 10−06 2.51 · 10−06 1.63 · 10−06 3.40 · 10−06 1.26 · 10−05 8.25 · 10−06 6.84 · 10−06 1.54 · 10−05
43Ca 1.95 · 10−09 3.30 · 10−09 1.57 · 10−08 1.49 · 10−08 3.85 · 10−08 4.25 · 10−08 4.34 · 10−08 1.16 · 10−07
44Ca 2.22 · 10−10 4.63 · 10−10 2.66 · 10−10 4.42 · 10−10 1.32 · 10−09 1.11 · 10−09 9.75 · 10−10 2.05 · 10−09
45Ca 4.27 · 10−14 8.33 · 10−14 2.89 · 10−14 3.70 · 10−14 8.20 · 10−14 9.01 · 10−14 5.32 · 10−14 6.73 · 10−14
46Ca 8.64 · 10−15 2.45 · 10−14 5.31 · 10−15 6.34 · 10−15 3.85 · 10−14 4.56 · 10−13 7.00 · 10−15 5.02 · 10−15
47Ca 1.62 · 10−18 5.97 · 10−18 9.12 · 10−19 1.05 · 10−18 1.73 · 10−17 1.77 · 10−17 1.51 · 10−18 9.37 · 10−19
48Ca 2.21 · 10−20 8.70 · 10−20 8.94 · 10−21 1.32 · 10−16 7.84 · 10−15 2.43 · 10−13 7.24 · 10−21 3.58 · 10−21
49Ca 8.22 · 10−33 8.02 · 10−32 1.23 · 10−32 1.99 · 10−29 1.11 · 10−28 3.32 · 10−30 2.45 · 10−33 3.01 · 10−31
41Sc 1.38 · 10−50 1.24 · 10−53 3.49 · 10−52 1.18 · 10−52 8.01 · 10−55 5.98 · 10−57 4.78 · 10−59 7.76 · 10−59
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42Sc 1.39 · 10−41 1.15 · 10−42 2.35 · 10−41 2.93 · 10−42 1.19 · 10−45 2.08 · 10−51 4.78 · 10−59 1.03 · 10−58
43Sc 6.85 · 10−10 1.03 · 10−09 7.14 · 10−09 6.49 · 10−09 1.65 · 10−08 1.85 · 10−08 1.91 · 10−08 5.20 · 10−08
44Sc 3.35 · 10−11 6.54 · 10−11 6.36 · 10−11 1.06 · 10−10 3.11 · 10−10 2.84 · 10−10 2.83 · 10−10 6.43 · 10−10
45Sc 1.77 · 10−08 3.31 · 10−08 4.41 · 10−08 6.24 · 10−08 1.74 · 10−07 1.35 · 10−07 2.01 · 10−07 4.32 · 10−07
46Sc 4.97 · 10−13 8.53 · 10−13 3.83 · 10−13 5.39 · 10−13 1.22 · 10−12 5.89 · 10−13 8.58 · 10−13 1.28 · 10−12
47Sc 6.04 · 10−14 1.15 · 10−13 3.50 · 10−14 5.01 · 10−14 1.24 · 10−13 6.18 · 10−14 5.71 · 10−14 7.66 · 10−14
48Sc 1.61 · 10−16 3.25 · 10−16 8.61 · 10−17 8.68 · 10−17 2.52 · 10−16 1.87 · 10−17 1.08 · 10−16 9.09 · 10−17
49Sc 2.18 · 10−19 5.47 · 10−19 9.22 · 10−20 8.17 · 10−20 2.85 · 10−19 4.53 · 10−21 4.66 · 10−20 3.36 · 10−20
44Ti 2.18 · 10−06 3.97 · 10−06 7.36 · 10−06 1.03 · 10−05 2.30 · 10−05 1.57 · 10−05 2.71 · 10−05 5.11 · 10−05
45Ti 5.54 · 10−09 1.02 · 10−08 1.41 · 10−08 2.02 · 10−08 5.54 · 10−08 4.17 · 10−08 6.30 · 10−08 1.35 · 10−07
46Ti 6.83 · 10−07 1.61 · 10−06 1.10 · 10−06 2.30 · 10−06 8.87 · 10−06 5.73 · 10−06 4.40 · 10−06 1.02 · 10−05
47Ti 2.61 · 10−08 4.63 · 10−08 9.79 · 10−08 1.40 · 10−07 2.67 · 10−07 1.74 · 10−07 2.94 · 10−07 5.70 · 10−07
48Ti 9.47 · 10−10 2.24 · 10−09 9.22 · 10−10 1.80 · 10−09 6.64 · 10−09 4.70 · 10−09 3.96 · 10−09 7.92 · 10−09
49Ti 1.65 · 10−12 2.75 · 10−12 1.00 · 10−12 1.63 · 10−12 4.53 · 10−12 3.12 · 10−12 2.74 · 10−12 4.76 · 10−12
50Ti 5.60 · 10−13 9.78 · 10−13 2.52 · 10−13 3.21 · 10−13 9.81 · 10−13 6.86 · 10−13 3.07 · 10−13 3.65 · 10−13
51Ti 1.39 · 10−22 1.51 · 10−22 1.43 · 10−22 1.33 · 10−22 2.71 · 10−22 8.23 · 10−25 6.41 · 10−24 2.97 · 10−23
45V 8.76 · 10−45 4.27 · 10−51 1.36 · 10−49 8.26 · 10−49 1.42 · 10−52 3.33 · 10−59 4.78 · 10−59 7.76 · 10−59
46V 1.34 · 10−49 7.11 · 10−50 3.11 · 10−49 3.25 · 10−50 3.31 · 10−54 3.33 · 10−59 4.78 · 10−59 7.76 · 10−59
47V 5.58 · 10−12 8.82 · 10−12 2.46 · 10−11 3.99 · 10−11 6.46 · 10−11 3.64 · 10−11 6.81 · 10−11 1.30 · 10−10
48V 1.38 · 10−08 2.64 · 10−08 4.73 · 10−08 4.45 · 10−08 9.70 · 10−08 1.16 · 10−07 4.41 · 10−07 8.33 · 10−07
49V 1.63 · 10−06 2.90 · 10−06 3.48 · 10−06 5.38 · 10−06 7.92 · 10−06 5.66 · 10−06 1.44 · 10−05 2.49 · 10−05
50V 9.10 · 10−12 2.14 · 10−11 7.01 · 10−12 1.59 · 10−11 6.10 · 10−11 4.20 · 10−11 2.00 · 10−11 3.88 · 10−11
51V 3.43 · 10−11 8.70 · 10−11 2.49 · 10−11 5.68 · 10−11 2.45 · 10−10 1.57 · 10−10 7.80 · 10−11 1.54 · 10−10
52V 2.13 · 10−20 2.81 · 10−20 6.53 · 10−20 1.75 · 10−19 3.12 · 10−19 1.78 · 10−21 3.41 · 10−21 4.51 · 10−21
48Cr 2.95 · 10−05 5.70 · 10−05 7.82 · 10−05 1.10 · 10−04 2.07 · 10−04 1.46 · 10−04 3.51 · 10−04 6.08 · 10−04
49Cr 3.34 · 10−09 5.81 · 10−09 7.20 · 10−09 1.13 · 10−08 1.67 · 10−08 1.13 · 10−08 2.85 · 10−08 4.89 · 10−08
50Cr 6.27 · 10−06 1.30 · 10−05 1.01 · 10−05 3.32 · 10−05 4.52 · 10−05 2.55 · 10−05 4.43 · 10−05 9.89 · 10−05
51Cr 3.22 · 10−06 5.47 · 10−06 6.38 · 10−06 1.18 · 10−05 1.44 · 10−05 9.80 · 10−06 2.64 · 10−05 4.59 · 10−05
52Cr 6.91 · 10−07 1.67 · 10−06 1.55 · 10−06 2.45 · 10−06 5.19 · 10−06 3.49 · 10−06 7.83 · 10−06 1.37 · 10−05
53Cr 1.94 · 10−11 6.43 · 10−11 9.35 · 10−12 3.19 · 10−11 1.38 · 10−10 7.23 · 10−11 2.18 · 10−11 5.01 · 10−11
54Cr 3.00 · 10−13 9.27 · 10−13 1.45 · 10−13 3.77 · 10−13 1.82 · 10−12 9.29 · 10−13 3.24 · 10−13 6.34 · 10−13
55Cr 6.54 · 10−25 1.05 · 10−24 1.04 · 10−24 2.35 · 10−24 7.58 · 10−24 1.49 · 10−26 8.41 · 10−26 1.17 · 10−23
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50Mn 6.30 · 10−59 1.70 · 10−59 5.63 · 10−59 2.35 · 10−59 2.81 · 10−59 3.33 · 10−59 4.78 · 10−59 7.76 · 10−59
51Mn 8.67 · 10−09 1.44 · 10−08 1.74 · 10−08 3.21 · 10−08 3.85 · 10−08 2.57 · 10−08 7.04 · 10−08 1.21 · 10−07
52Mn 1.20 · 10−04 2.57 · 10−04 3.27 · 10−04 4.73 · 10−04 8.43 · 10−04 6.12 · 10−04 1.63 · 10−03 2.78 · 10−03
53Mn 3.61 · 10−05 6.87 · 10−05 8.32 · 10−05 1.28 · 10−04 1.85 · 10−04 1.30 · 10−04 3.60 · 10−04 6.16 · 10−04
54Mn 4.73 · 10−10 1.48 · 10−09 2.96 · 10−10 1.10 · 10−09 3.80 · 10−09 2.12 · 10−09 8.66 · 10−10 2.32 · 10−09
55Mn 8.89 · 10−11 3.01 · 10−10 5.31 · 10−11 1.74 · 10−10 7.36 · 10−10 4.25 · 10−10 1.73 · 10−10 4.48 · 10−10
56Mn 4.88 · 10−17 1.43 · 10−16 2.88 · 10−17 7.39 · 10−17 3.58 · 10−16 1.94 · 10−16 8.95 · 10−17 1.95 · 10−16
57Mn 9.31 · 10−26 2.25 · 10−25 3.47 · 10−25 6.91 · 10−25 2.07 · 10−24 6.50 · 10−28 5.34 · 10−27 2.21 · 10−27
52Fe 3.46 · 10−04 7.42 · 10−04 9.40 · 10−04 1.37 · 10−03 2.45 · 10−03 1.75 · 10−03 4.61 · 10−03 7.87 · 10−03
53Fe 4.58 · 10−15 2.88 · 10−15 1.34 · 10−13 3.25 · 10−12 3.14 · 10−12 3.88 · 10−14 5.48 · 10−14 1.46 · 10−13
54Fe 6.25 · 10−04 1.18 · 10−03 1.20 · 10−03 2.95 · 10−03 3.53 · 10−03 2.00 · 10−03 5.48 · 10−03 1.15 · 10−02
55Fe 2.79 · 10−05 4.99 · 10−05 6.17 · 10−05 9.95 · 10−05 1.29 · 10−04 8.95 · 10−05 2.68 · 10−04 4.52 · 10−04
56Fe 1.36 · 10−06 4.44 · 10−06 1.04 · 10−06 4.29 · 10−06 1.47 · 10−05 7.28 · 10−06 4.07 · 10−06 1.32 · 10−05
57Fe 8.25 · 10−11 2.80 · 10−10 5.22 · 10−11 1.71 · 10−10 6.78 · 10−10 4.08 · 10−10 1.93 · 10−10 5.20 · 10−10
58Fe 1.98 · 10−12 7.17 · 10−12 1.14 · 10−12 3.36 · 10−12 1.66 · 10−11 1.00 · 10−11 4.55 · 10−12 1.21 · 10−11
59Fe 3.26 · 10−19 9.86 · 10−19 1.88 · 10−19 3.97 · 10−19 2.95 · 10−18 7.46 · 10−17 8.05 · 10−19 3.70 · 10−18
60Fe 1.91 · 10−16 1.16 · 10−21 5.42 · 10−22 4.68 · 10−19 1.85 · 10−16 7.36 · 10−15 1.08 · 10−18 4.68 · 10−18
61Fe 1.69 · 10−25 1.49 · 10−34 5.26 · 10−33 2.01 · 10−31 4.19 · 10−31 2.77 · 10−31 2.90 · 10−28 1.58 · 10−25
54Co 1.15 · 10−59 1.34 · 10−59 1.83 · 10−59 2.34 · 10−59 2.81 · 10−59 3.33 · 10−59 4.78 · 10−59 7.76 · 10−59
55Co 1.32 · 10−04 2.30 · 10−04 2.97 · 10−04 4.68 · 10−04 5.80 · 10−04 4.08 · 10−04 1.28 · 10−03 2.13 · 10−03
56Co 3.52 · 10−07 6.56 · 10−07 1.40 · 10−06 2.49 · 10−06 5.45 · 10−06 5.02 · 10−06 1.45 · 10−05 3.52 · 10−05
57Co 2.39 · 10−05 3.32 · 10−05 7.81 · 10−05 9.26 · 10−05 2.01 · 10−04 2.15 · 10−04 2.28 · 10−04 3.76 · 10−04
58Co 1.77 · 10−10 5.31 · 10−10 1.41 · 10−10 4.85 · 10−10 1.49 · 10−09 9.63 · 10−10 5.90 · 10−10 1.70 · 10−09
59Co 3.58 · 10−11 1.24 · 10−10 2.68 · 10−11 8.00 · 10−11 3.20 · 10−10 2.19 · 10−10 1.32 · 10−10 3.98 · 10−10
60Co 3.36 · 10−16 1.10 · 10−15 2.14 · 10−16 5.34 · 10−16 2.46 · 10−15 2.07 · 10−15 1.18 · 10−15 3.51 · 10−15
61Co 9.03 · 10−20 1.37 · 10−19 5.82 · 10−20 9.15 · 10−20 6.62 · 10−19 2.20 · 10−19 1.59 · 10−19 4.43 · 10−19
56Ni 2.20 · 10−02 3.85 · 10−02 7.12 · 10−02 9.54 · 10−02 2.11 · 10−01 1.81 · 10−01 2.86 · 10−01 4.86 · 10−01
57Ni 4.29 · 10−04 5.96 · 10−04 1.40 · 10−03 1.69 · 10−03 3.65 · 10−03 3.83 · 10−03 4.01 · 10−03 6.60 · 10−03
58Ni 3.16 · 10−04 3.01 · 10−04 1.14 · 10−03 7.15 · 10−04 2.11 · 10−03 4.26 · 10−03 2.39 · 10−03 3.94 · 10−03
59Ni 1.40 · 10−05 1.54 · 10−05 5.11 · 10−05 4.43 · 10−05 1.03 · 10−04 1.33 · 10−04 1.04 · 10−04 1.62 · 10−04
60Ni 1.96 · 10−04 3.04 · 10−04 8.44 · 10−04 1.22 · 10−03 3.11 · 10−03 2.64 · 10−03 2.91 · 10−03 5.38 · 10−03
61Ni 4.13 · 10−06 6.00 · 10−06 1.93 · 10−05 2.41 · 10−05 5.97 · 10−05 5.72 · 10−05 5.60 · 10−05 1.02 · 10−04
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62Ni 8.28 · 10−07 9.75 · 10−07 4.75 · 10−06 3.28 · 10−06 1.04 · 10−05 1.95 · 10−05 1.06 · 10−05 1.81 · 10−05
63Ni 2.49 · 10−16 4.35 · 10−18 1.95 · 10−17 1.75 · 10−18 4.09 · 10−17 8.85 · 10−16 3.73 · 10−18 7.46 · 10−17
64Ni 7.90 · 10−14 6.58 · 10−15 1.96 · 10−15 3.16 · 10−17 7.15 · 10−15 2.22 · 10−15 1.29 · 10−15 1.55 · 10−13
65Ni 3.56 · 10−18 2.64 · 10−21 2.41 · 10−20 2.85 · 10−23 7.04 · 10−19 2.48 · 10−24 4.19 · 10−20 5.03 · 10−18
57Cu 1.15 · 10−59 1.34 · 10−59 1.83 · 10−59 2.34 · 10−59 2.81 · 10−59 3.33 · 10−59 4.78 · 10−59 7.76 · 10−59
58Cu 5.58 · 10−40 1.46 · 10−43 5.26 · 10−41 3.44 · 10−41 1.51 · 10−41 1.07 · 10−47 1.88 · 10−50 1.38 · 10−49
59Cu 6.58 · 10−27 1.79 · 10−27 6.95 · 10−26 3.41 · 10−23 8.51 · 10−23 2.84 · 10−26 5.12 · 10−27 2.71 · 10−27
60Cu 4.28 · 10−09 6.29 · 10−09 1.88 · 10−08 2.66 · 10−08 6.77 · 10−08 5.51 · 10−08 6.09 · 10−08 1.11 · 10−07
61Cu 3.14 · 10−06 4.56 · 10−06 1.46 · 10−05 1.85 · 10−05 4.56 · 10−05 4.32 · 10−05 4.20 · 10−05 7.67 · 10−05
62Cu 2.94 · 10−08 3.45 · 10−08 1.70 · 10−07 1.16 · 10−07 3.68 · 10−07 7.37 · 10−07 3.82 · 10−07 6.53 · 10−07
63Cu 4.54 · 10−08 7.93 · 10−08 1.96 · 10−07 2.84 · 10−07 1.11 · 10−06 3.40 · 10−06 4.52 · 10−07 8.09 · 10−07
64Cu 2.39 · 10−15 8.92 · 10−18 1.61 · 10−17 6.08 · 10−18 8.07 · 10−17 9.61 · 10−17 5.23 · 10−17 8.37 · 10−16
65Cu 1.95 · 10−13 1.11 · 10−13 5.13 · 10−13 3.05 · 10−13 1.06 · 10−12 1.77 · 10−12 2.19 · 10−12 4.20 · 10−12
66Cu 2.08 · 10−21 2.59 · 10−24 9.51 · 10−24 3.63 · 10−25 8.50 · 10−24 9.50 · 10−25 5.45 · 10−24 3.66 · 10−20
60Zn 1.51 · 10−25 8.10 · 10−26 1.14 · 10−24 1.71 · 10−23 1.84 · 10−23 8.58 · 10−25 9.93 · 10−25 1.39 · 10−24
61Zn 1.00 · 10−28 1.58 · 10−29 1.05 · 10−27 5.97 · 10−25 1.49 · 10−24 7.45 · 10−28 1.45 · 10−28 1.20 · 10−28
62Zn 2.86 · 10−05 3.38 · 10−05 1.55 · 10−04 1.24 · 10−04 3.73 · 10−04 6.09 · 10−04 3.15 · 10−04 5.38 · 10−04
63Zn 6.48 · 10−11 1.11 · 10−10 2.82 · 10−10 4.06 · 10−10 1.59 · 10−09 4.79 · 10−09 6.37 · 10−10 1.13 · 10−09
64Zn 9.51 · 10−07 1.93 · 10−06 4.09 · 10−06 8.41 · 10−06 2.90 · 10−05 2.91 · 10−05 1.46 · 10−05 2.62 · 10−05
65Zn 3.92 · 10−08 6.00 · 10−08 2.11 · 10−07 2.57 · 10−07 7.40 · 10−07 6.53 · 10−07 6.00 · 10−07 1.15 · 10−06
66Zn 1.01 · 10−07 1.34 · 10−07 6.48 · 10−07 5.28 · 10−07 1.72 · 10−06 2.56 · 10−06 1.29 · 10−06 2.23 · 10−06
67Zn 1.79 · 10−11 2.25 · 10−11 1.32 · 10−10 7.91 · 10−11 2.82 · 10−10 5.05 · 10−10 1.77 · 10−10 3.16 · 10−10
68Zn 6.40 · 10−14 5.66 · 10−14 3.36 · 10−13 1.66 · 10−13 7.06 · 10−13 2.22 · 10−12 3.32 · 10−13 7.04 · 10−13
69Zn 1.39 · 10−19 3.72 · 10−21 2.11 · 10−20 5.50 · 10−22 1.69 · 10−18 9.48 · 10−21 2.57 · 10−20 5.38 · 10−18
70Zn 9.51 · 10−19 2.40 · 10−19 5.20 · 10−20 6.37 · 10−21 7.14 · 10−18 3.64 · 10−21 5.31 · 10−20 8.81 · 10−18
71Zn 1.79 · 10−29 6.54 · 10−30 1.30 · 10−30 3.63 · 10−31 5.12 · 10−32 7.42 · 10−30 3.60 · 10−30 2.28 · 10−26
62Ga 1.15 · 10−59 1.34 · 10−59 1.83 · 10−59 2.34 · 10−59 2.81 · 10−59 3.33 · 10−59 4.78 · 10−59 7.76 · 10−59
63Ga 2.88 · 10−28 1.84 · 10−39 1.78 · 10−39 2.36 · 10−36 1.35 · 10−35 1.92 · 10−39 2.76 · 10−39 1.63 · 10−32
64Ga 6.12 · 10−27 3.88 · 10−33 2.77 · 10−31 4.92 · 10−29 1.11 · 10−28 2.17 · 10−31 6.47 · 10−32 1.59 · 10−28
65Ga 7.55 · 10−15 1.06 · 10−14 4.19 · 10−14 5.15 · 10−14 1.46 · 10−13 1.14 · 10−13 1.04 · 10−13 1.94 · 10−13
66Ga 2.58 · 10−07 3.43 · 10−07 1.66 · 10−06 1.35 · 10−06 4.41 · 10−06 6.55 · 10−06 3.30 · 10−06 5.70 · 10−06
67Ga 3.02 · 10−10 3.80 · 10−10 2.22 · 10−09 1.34 · 10−09 4.77 · 10−09 8.52 · 10−09 3.00 · 10−09 5.34 · 10−09
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68Ga 1.52 · 10−14 1.64 · 10−14 9.48 · 10−14 4.99 · 10−14 2.01 · 10−13 6.75 · 10−13 1.00 · 10−13 1.47 · 10−13
69Ga 2.30 · 10−15 6.43 · 10−16 5.79 · 10−15 1.14 · 10−15 1.53 · 10−14 1.96 · 10−14 2.30 · 10−15 5.01 · 10−14
70Ga 4.13 · 10−20 4.14 · 10−21 6.27 · 10−21 1.92 · 10−22 2.15 · 10−19 1.52 · 10−21 4.43 · 10−21 1.16 · 10−18
71Ga 3.39 · 10−16 9.02 · 10−16 3.16 · 10−16 1.21 · 10−17 1.12 · 10−14 3.41 · 10−16 3.29 · 10−16 4.60 · 10−14
72Ga 1.00 · 10−18 6.61 · 10−20 6.25 · 10−19 4.97 · 10−20 8.67 · 10−17 9.25 · 10−19 8.31 · 10−19 1.42 · 10−16
64Ge 7.24 · 10−32 1.08 · 10−39 1.44 · 10−37 8.42 · 10−35 1.18 · 10−34 1.01 · 10−37 1.50 · 10−38 1.35 · 10−35
65Ge 8.27 · 10−33 1.85 · 10−41 4.23 · 10−42 8.23 · 10−41 1.04 · 10−39 9.13 · 10−44 2.19 · 10−46 2.26 · 10−37
66Ge 5.06 · 10−08 6.71 · 10−08 3.25 · 10−07 2.65 · 10−07 8.64 · 10−07 1.28 · 10−06 6.47 · 10−07 1.12 · 10−06
67Ge 7.22 · 10−17 8.31 · 10−17 5.57 · 10−16 3.24 · 10−16 1.15 · 10−15 1.90 · 10−15 6.72 · 10−16 1.16 · 10−15
68Ge 9.33 · 10−11 1.01 · 10−10 5.84 · 10−10 3.07 · 10−10 1.23 · 10−09 4.15 · 10−09 6.17 · 10−10 9.03 · 10−10
69Ge 3.02 · 10−15 2.90 · 10−15 2.50 · 10−14 7.48 · 10−15 4.13 · 10−14 1.42 · 10−13 1.42 · 10−14 2.26 · 10−14
70Ge 7.93 · 10−14 2.91 · 10−14 2.80 · 10−13 1.79 · 10−14 2.58 · 10−13 1.03 · 10−13 1.91 · 10−14 9.68 · 10−13
71Ge 8.02 · 10−17 3.56 · 10−17 1.69 · 10−16 2.31 · 10−17 1.13 · 10−15 9.83 · 10−16 6.32 · 10−17 2.34 · 10−15
72Ge 9.43 · 10−14 3.67 · 10−14 3.52 · 10−13 2.25 · 10−14 3.09 · 10−13 9.95 · 10−14 2.34 · 10−14 1.13 · 10−12
73Ge 1.74 · 10−16 1.05 · 10−16 3.15 · 10−16 1.71 · 10−17 9.10 · 10−15 5.13 · 10−16 1.91 · 10−16 2.74 · 10−14
74Ge 1.17 · 10−15 3.63 · 10−14 2.53 · 10−14 3.16 · 10−16 6.74 · 10−14 1.53 · 10−14 1.16 · 10−15 1.97 · 10−13
75Ge 2.39 · 10−19 8.77 · 10−20 1.23 · 10−18 4.05 · 10−20 1.58 · 10−17 2.99 · 10−18 1.10 · 10−19 2.91 · 10−17
76Ge 1.02 · 10−18 3.80 · 10−18 1.92 · 10−18 2.74 · 10−19 3.74 · 10−17 5.66 · 10−19 1.17 · 10−19 2.05 · 10−17
77Ge 8.29 · 10−22 8.08 · 10−22 1.59 · 10−21 8.42 · 10−22 7.31 · 10−20 2.54 · 10−22 1.21 · 10−22 2.08 · 10−20
71As 1.18 · 10−16 8.81 · 10−17 9.26 · 10−16 2.24 · 10−16 1.85 · 10−15 1.25 · 10−14 5.37 · 10−16 9.12 · 10−16
72As 3.21 · 10−18 4.53 · 10−19 1.29 · 10−18 3.97 · 10−20 1.09 · 10−16 1.39 · 10−18 2.27 · 10−18 3.14 · 10−16
73As 1.94 · 10−16 7.03 · 10−17 7.37 · 10−16 5.02 · 10−17 2.60 · 10−15 1.34 · 10−15 1.23 · 10−16 1.04 · 10−14
74As 6.51 · 10−18 3.89 · 10−18 6.86 · 10−18 2.16 · 10−19 1.50 · 10−16 3.43 · 10−18 1.79 · 10−18 1.98 · 10−16
75As 3.29 · 10−16 3.76 · 10−15 3.19 · 10−15 6.03 · 10−17 9.11 · 10−15 1.93 · 10−15 1.49 · 10−16 2.57 · 10−14
76As 9.80 · 10−18 9.82 · 10−18 3.99 · 10−17 1.17 · 10−18 5.70 · 10−16 5.21 · 10−17 3.87 · 10−18 5.73 · 10−16
77As 4.57 · 10−18 2.14 · 10−17 9.52 · 10−18 7.37 · 10−19 1.49 · 10−16 2.13 · 10−18 4.92 · 10−19 7.05 · 10−17
74Se 2.16 · 10−13 8.08 · 10−14 8.02 · 10−13 5.12 · 10−14 6.99 · 10−13 3.36 · 10−13 5.41 · 10−14 2.66 · 10−12
75Se 1.97 · 10−15 1.01 · 10−15 7.24 · 10−15 8.03 · 10−16 7.61 · 10−15 4.76 · 10−15 9.18 · 10−16 2.04 · 10−14
76Se 3.55 · 10−13 1.72 · 10−13 1.39 · 10−12 8.81 · 10−14 1.18 · 10−12 4.79 · 10−13 9.73 · 10−14 4.51 · 10−12
77Se 3.76 · 10−16 1.63 · 10−14 7.13 · 10−15 1.20 · 10−16 1.32 · 10−14 4.64 · 10−15 2.42 · 10−16 3.67 · 10−14
78Se 5.69 · 10−15 2.96 · 10−13 4.62 · 10−13 1.68 · 10−15 5.84 · 10−14 2.90 · 10−14 2.34 · 10−15 2.39 · 10−13
79Se 1.36 · 10−16 6.42 · 10−17 1.07 · 10−14 1.79 · 10−17 2.09 · 10−15 2.55 · 10−15 2.68 · 10−17 3.12 · 10−15
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80Se 4.77 · 10−15 1.27 · 10−12 1.35 · 10−12 2.68 · 10−14 5.45 · 10−13 1.88 · 10−13 4.50 · 10−13 3.58 · 10−13
81Se 1.04 · 10−20 9.36 · 10−20 1.41 · 10−18 1.90 · 10−20 7.71 · 10−19 1.90 · 10−18 1.28 · 10−19 3.75 · 10−18
82Se 7.88 · 10−18 1.51 · 10−16 1.72 · 10−16 3.70 · 10−17 4.42 · 10−16 5.83 · 10−18 1.06 · 10−17 4.48 · 10−17
83Se 2.19 · 10−24 3.91 · 10−23 7.70 · 10−23 1.86 · 10−23 3.17 · 10−22 4.13 · 10−24 4.49 · 10−24 4.54 · 10−24
75Br 6.61 · 10−18 8.20 · 10−18 3.42 · 10−17 1.92 · 10−17 5.66 · 10−17 2.08 · 10−16 2.33 · 10−17 2.89 · 10−17
76Br 1.21 · 10−18 1.89 · 10−19 4.43 · 10−18 2.20 · 10−19 1.36 · 10−16 9.39 · 10−18 2.37 · 10−18 2.28 · 10−16
77Br 1.15 · 10−16 4.14 · 10−17 5.78 · 10−16 3.65 · 10−17 1.85 · 10−15 1.24 · 10−15 9.21 · 10−17 7.26 · 10−15
78Br 4.61 · 10−22 1.98 · 10−22 2.29 · 10−21 1.52 · 10−22 5.28 · 10−21 1.33 · 10−22 3.60 · 10−23 3.17 · 10−20
79Br 2.14 · 10−15 7.66 · 10−14 1.22 · 10−13 5.75 · 10−16 1.54 · 10−14 7.13 · 10−15 7.30 · 10−16 7.94 · 10−14
80Br 1.01 · 10−19 2.20 · 10−19 3.34 · 10−18 6.03 · 10−20 3.24 · 10−18 4.55 · 10−19 1.72 · 10−19 3.43 · 10−18
81Br 6.10 · 10−15 3.28 · 10−13 4.63 · 10−13 4.78 · 10−15 1.09 · 10−13 3.66 · 10−14 7.18 · 10−14 1.02 · 10−13
82Br 1.04 · 10−16 5.26 · 10−16 4.05 · 10−15 1.11 · 10−16 4.29 · 10−15 6.06 · 10−16 2.33 · 10−16 1.78 · 10−15
83Br 2.25 · 10−17 1.54 · 10−16 3.59 · 10−16 2.75 · 10−17 5.00 · 10−16 9.03 · 10−18 1.35 · 10−17 6.28 · 10−17
78Kr 1.16 · 10−13 4.13 · 10−14 4.40 · 10−13 2.72 · 10−14 3.59 · 10−13 2.07 · 10−13 2.90 · 10−14 1.38 · 10−12
79Kr 3.25 · 10−15 1.48 · 10−15 1.34 · 10−14 8.66 · 10−16 9.27 · 10−15 2.35 · 10−15 1.02 · 10−15 3.17 · 10−14
80Kr 6.53 · 10−13 5.02 · 10−13 3.11 · 10−12 1.71 · 10−13 2.25 · 10−12 9.51 · 10−13 2.25 · 10−13 8.87 · 10−12
81Kr 3.75 · 10−15 5.65 · 10−14 9.87 · 10−14 9.21 · 10−16 1.63 · 10−14 6.55 · 10−15 2.33 · 10−15 4.26 · 10−14
82Kr 1.77 · 10−13 9.50 · 10−13 1.94 · 10−12 8.19 · 10−14 6.08 · 10−13 8.23 · 10−13 9.91 · 10−13 2.77 · 10−12
83Kr 1.06 · 10−14 1.22 · 10−13 3.33 · 10−13 1.92 · 10−14 2.75 · 10−14 2.56 · 10−13 4.25 · 10−13 2.38 · 10−13
84Kr 3.70 · 10−14 2.56 · 10−11 3.44 · 10−11 7.68 · 10−13 3.58 · 10−12 2.50 · 10−12 4.84 · 10−12 5.30 · 10−11
85Kr 9.97 · 10−16 9.35 · 10−15 6.54 · 10−13 3.60 · 10−14 6.36 · 10−14 7.44 · 10−14 3.51 · 10−13 2.05 · 10−13
86Kr 8.50 · 10−15 3.27 · 10−14 1.01 · 10−12 2.23 · 10−13 5.96 · 10−13 7.27 · 10−13 4.39 · 10−12 7.23 · 10−12
87Kr 1.44 · 10−20 4.80 · 10−21 5.67 · 10−19 4.83 · 10−19 1.55 · 10−18 6.70 · 10−19 5.48 · 10−18 1.73 · 10−17
79Rb 1.44 · 10−22 1.13 · 10−22 7.29 · 10−22 2.61 · 10−22 2.30 · 10−21 1.50 · 10−21 2.47 · 10−22 2.12 · 10−21
80Rb 2.97 · 10−28 3.83 · 10−28 2.55 · 10−25 2.12 · 10−27 6.55 · 10−27 9.89 · 10−32 2.26 · 10−31 5.35 · 10−28
81Rb 7.14 · 10−18 2.45 · 10−18 1.13 · 10−16 3.24 · 10−18 2.02 · 10−16 9.30 · 10−17 2.69 · 10−17 5.15 · 10−16
82Rb 6.32 · 10−18 2.67 · 10−18 2.72 · 10−16 4.92 · 10−18 6.47 · 10−16 8.50 · 10−17 1.31 · 10−16 4.70 · 10−16
83Rb 2.83 · 10−15 3.01 · 10−15 4.55 · 10−14 1.46 · 10−15 1.89 · 10−14 1.85 · 10−14 5.61 · 10−15 7.95 · 10−14
84Rb 2.20 · 10−16 4.69 · 10−16 7.72 · 10−15 2.22 · 10−16 2.06 · 10−15 1.22 · 10−15 1.06 · 10−15 7.26 · 10−15
85Rb 2.48 · 10−14 7.76 · 10−12 1.03 · 10−11 2.05 · 10−13 1.14 · 10−12 4.48 · 10−12 1.49 · 10−12 2.19 · 10−11
86Rb 1.62 · 10−15 1.30 · 10−14 3.59 · 10−13 1.08 · 10−14 9.41 · 10−14 2.08 · 10−13 8.88 · 10−13 7.55 · 10−13
87Rb 2.32 · 10−15 1.35 · 10−14 2.55 · 10−13 1.90 · 10−14 5.07 · 10−14 4.35 · 10−13 4.95 · 10−12 2.90 · 10−12
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88Rb 1.77 · 10−22 1.31 · 10−21 3.46 · 10−20 2.54 · 10−21 9.06 · 10−21 2.84 · 10−19 2.32 · 10−20 6.58 · 10−18
84Sr 2.06 · 10−12 6.49 · 10−13 7.97 · 10−12 4.88 · 10−13 6.53 · 10−12 5.01 · 10−12 5.09 · 10−13 2.69 · 10−11
85Sr 1.16 · 10−13 4.61 · 10−14 5.42 · 10−13 3.21 · 10−14 3.16 · 10−13 1.47 · 10−13 6.64 · 10−14 1.47 · 10−12
86Sr 3.45 · 10−12 1.20 · 10−11 4.84 · 10−11 3.45 · 10−12 1.53 · 10−11 2.77 · 10−11 1.32 · 10−11 2.39 · 10−09
87Sr 1.58 · 10−13 2.78 · 10−12 3.23 · 10−11 3.04 · 10−12 1.11 · 10−12 3.19 · 10−11 1.30 · 10−11 4.09 · 10−09
88Sr 4.69 · 10−11 8.80 · 10−10 7.55 · 10−10 6.97 · 10−12 7.68 · 10−11 6.46 · 10−10 1.16 · 10−09 3.22 · 10−09
89Sr 2.37 · 10−15 3.59 · 10−16 9.61 · 10−13 6.40 · 10−15 1.23 · 10−13 1.55 · 10−12 1.02 · 10−10 2.27 · 10−12
90Sr 1.20 · 10−16 1.50 · 10−16 3.08 · 10−14 5.88 · 10−16 3.42 · 10−15 3.63 · 10−14 2.02 · 10−11 2.27 · 10−14
91Sr 1.68 · 10−20 6.35 · 10−21 1.96 · 10−18 1.65 · 10−19 1.36 · 10−18 3.76 · 10−18 3.26 · 10−20 1.59 · 10−18
85Y 1.14 · 10−18 2.52 · 10−19 9.12 · 10−18 5.63 · 10−19 1.89 · 10−17 2.42 · 10−17 7.27 · 10−18 7.89 · 10−17
86Y 7.90 · 10−18 3.54 · 10−18 1.01 · 10−15 3.33 · 10−17 9.86 · 10−16 1.01 · 10−15 3.11 · 10−15 7.36 · 10−15
87Y 2.77 · 10−15 3.08 · 10−15 2.05 · 10−13 9.08 · 10−15 3.01 · 10−14 1.43 · 10−13 1.73 · 10−13 2.35 · 10−12
88Y 5.14 · 10−15 7.04 · 10−15 5.09 · 10−13 2.57 · 10−14 4.21 · 10−14 3.18 · 10−13 2.98 · 10−13 4.51 · 10−12
89Y 4.70 · 10−12 3.09 · 10−11 7.98 · 10−11 2.96 · 10−12 9.93 · 10−12 4.46 · 10−11 2.18 · 10−11 1.54 · 10−09
90Y 3.45 · 10−15 5.03 · 10−15 1.21 · 10−13 7.86 · 10−15 1.15 · 10−14 7.29 · 10−14 2.52 · 10−14 1.05 · 10−12
91Y 9.33 · 10−16 5.77 · 10−15 2.57 · 10−14 3.63 · 10−15 2.71 · 10−15 4.22 · 10−15 3.38 · 10−15 1.25 · 10−13
90Zr 7.86 · 10−11 6.08 · 10−11 3.02 · 10−10 3.03 · 10−11 4.21 · 10−10 4.32 · 10−10 1.48 · 10−10 2.57 · 10−09
91Zr 7.27 · 10−12 2.49 · 10−12 1.44 · 10−11 1.80 · 10−12 4.01 · 10−12 7.74 · 10−11 8.48 · 10−11 4.29 · 10−10
92Zr 7.86 · 10−11 1.87 · 10−10 3.39 · 10−10 1.85 · 10−11 8.16 · 10−11 1.03 · 10−10 9.95 · 10−11 4.16 · 10−09
93Zr 2.49 · 10−11 1.42 · 10−10 1.98 · 10−10 6.52 · 10−12 4.11 · 10−12 1.69 · 10−11 2.51 · 10−11 2.94 · 10−09
94Zr 7.25 · 10−11 1.61 · 10−10 4.66 · 10−10 2.03 · 10−10 2.31 · 10−09 5.08 · 10−09 1.90 · 10−09 8.41 · 10−09
95Zr 1.76 · 10−13 2.54 · 10−14 8.23 · 10−12 7.60 · 10−13 2.42 · 10−11 7.64 · 10−11 4.37 · 10−10 3.04 · 10−11
96Zr 3.07 · 10−14 5.08 · 10−14 1.14 · 10−12 3.51 · 10−13 2.41 · 10−12 8.10 · 10−12 4.52 · 10−10 1.19 · 10−12
97Zr 5.74 · 10−19 3.88 · 10−19 6.83 · 10−18 1.90 · 10−17 6.56 · 10−16 9.02 · 10−17 4.04 · 10−18 3.18 · 10−17
91Nb 2.91 · 10−13 1.34 · 10−13 2.97 · 10−12 4.07 · 10−13 6.42 · 10−12 7.23 · 10−12 6.06 · 10−13 2.32 · 10−11
92Nb 1.59 · 10−14 9.70 · 10−15 2.74 · 10−13 3.80 · 10−14 7.92 · 10−13 5.74 · 10−13 6.26 · 10−14 2.23 · 10−12
93Nb 1.52 · 10−11 6.61 · 10−11 5.57 · 10−11 1.44 · 10−12 1.14 · 10−11 9.40 · 10−12 2.11 · 10−12 9.04 · 10−11
94Nb 1.29 · 10−14 7.42 · 10−15 8.04 · 10−13 3.31 · 10−14 7.00 · 10−13 4.02 · 10−13 7.15 · 10−14 2.75 · 10−12
95Nb 1.40 · 10−13 2.78 · 10−14 4.16 · 10−12 5.18 · 10−14 1.72 · 10−12 2.65 · 10−11 1.20 · 10−11 3.03 · 10−12
96Nb 3.76 · 10−15 1.91 · 10−16 7.24 · 10−14 1.25 · 10−15 7.34 · 10−14 8.55 · 10−13 3.09 · 10−14 3.78 · 10−14
97Nb 1.17 · 10−16 5.12 · 10−17 1.50 · 10−15 7.27 · 10−17 1.82 · 10−15 3.08 · 10−15 4.79 · 10−17 5.10 · 10−16
92Mo 2.84 · 10−11 6.96 · 10−12 8.61 · 10−11 4.74 · 10−12 6.46 · 10−11 4.89 · 10−11 4.12 · 10−12 2.29 · 10−10
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93Mo 1.45 · 10−12 3.91 · 10−13 4.60 · 10−12 2.57 · 10−13 4.05 · 10−12 2.74 · 10−12 2.70 · 10−13 1.17 · 10−11
94Mo 2.44 · 10−11 1.11 · 10−11 9.27 · 10−11 5.22 · 10−12 7.12 · 10−11 5.17 · 10−11 4.04 · 10−12 2.44 · 10−10
95Mo 6.31 · 10−12 9.47 · 10−12 4.41 · 10−11 2.56 · 10−11 2.21 · 10−10 5.19 · 10−10 2.56 · 10−11 7.93 · 10−10
96Mo 5.76 · 10−11 2.62 · 10−11 3.58 · 10−10 7.71 · 10−11 8.08 · 10−10 1.99 · 10−09 3.74 · 10−10 3.32 · 10−09
97Mo 1.26 · 10−09 8.76 · 10−10 1.88 · 10−09 3.93 · 10−11 2.80 · 10−10 7.98 · 10−10 1.33 · 10−09 1.26 · 10−08
98Mo 1.02 · 10−10 1.19 · 10−11 8.82 · 10−10 4.41 · 10−11 1.10 · 10−10 4.39 · 10−10 8.92 · 10−12 2.23 · 10−10
